Impurities in the zone-refined aluminum have been determined qualitatively and quantitatively mainly by using nondestructive activation analysis. Remarkable results are summarized as follows:
I. Introduction
The necessity of high purity metals is increasing in both practical applications and fundamental research. Zone refining has been utilized to obtain such high purity metals, and it has been extended to aluminum by many workers. Some of them succeeded in obtaining high purity aluminum which has room temperature and liquid helium temperature(1) (2) . Some of the present authors reported the zone-refining method to produce aluminum more than 30000 in the resistance ratio (3) . However, it is difficult to get higher purity aluminum than that by a usual zonerefining method.
In order to overcome the difficulty it is necessary to know what kinds of impurity remain in the zone-refined aluminum, and how to remove such remaining impurities in aluminum. Therefore, the activation analysis was tried for the zone-refined aluminum, the starting material for the zone refining and some materials being used in the zone-refining procedure. On the basis of the present analysis, it is discussed what kinds of impurity are obstacles to the production of higher purity aluminum.
II. Experimental
Sample preparation
The materials used in the present work were the following three kinds of materials.
(i) Nominal 99.999% purity aluminum produced by Sumitomo Chemical Co., Ltd.
(ii) Zone-refined aluminum, abbreviated to ZR-Al hereafter, using the above 99.999 aluminum as the starting material.
(iii) Alumina powder, graphite boat and quartz tube which were used in the zone refining of aluminum.
Zone refining was performed in a vacuum ported previously (3) , except that the inside of the graphite boat was covered with alumina powder.
The zone-refined aluminum rod was cut into 40 mm length from the top end, and the remainder was cut into 100 mm length. Small pieces of 10 mm length, which were cut from the top of the 100 mm length pieces, were used as samples for the activation analysis. The surface of the small pieces was scraped off to remove the contamination, and some of them were rolled. The weight of each sample was surface needed great care. Two methods were tried for the decontamination, and the first method (I) is the ultrasonic cleaning in a mixture of aceton and distilled water for 6 hr, and the second one (II) is the scraping of the surface layer by sandpaper after the irradiation in the pile. As will be described later, the second method was utilized for most aluminum samples in the present experiment. The surface layer of aluminum samples was scaped off pouring water on the sandpaper not to fly asunder the aluminum powder. Surface decontamination of the graphite sample was performed by a similar method to that for aluminum, but the surface of quartz was cleaned by concentrated nitric acid after irradiation.
Irradiation
These samples were irradiated utilizing the heavy water facility (DC), the graphite thermal column (TC), the horizontal exposure tube (E-2), the hydraulic conveyor tube (Hyd) and the long irradiation plug (LP) in KUR-I at the Research Reactor Institute, Kyoto University. The neutron flux and cadmium ratio of these facilities are summarized in Table 1 For the irradiation using the heavy water facility, the graphite thermal column and the horizontal exposure tube, the samples are enclosed in a polyethylene bag and put in an aluminum cage. For the irradiation using the hydraulic conveyor tube and the long irradiation plug, the samples are enclosed a silica tube in vacuum, and put in a capsule for irradiation.
Neutron dose during the irradiation was measured by the flux monitors. Wires of Al-0.01683 wt %Au and Al-0.0314 wt %Au alloys were used as the monitor for short period irradiations, and wire of Al-0.00001 wt %Sc alloy was used for long period irradiations. Particularly, a standard sample for scandium was used for the precise quantitative analysis of trace amounts of Sc contained in ZR-Al. The standard sample was made in the follow- 2. Efficiency of zone refining and the distribution of some elements Table 3 shows the analytical results for the starting material 99.999% aluminum and ZR-Al in which the zone passed once, five and ten times, respectively. These samples were irradiated for 77 hr in TC-facility, and after the irradiation. It is clear from the table that Sc content decreased only 5% even after ten times zone passing, and that Cu decreased gradually with the number of zone passing and arrived one-tenth of the content in the starting material. Then it is concluded that the zone refining is considerably effective for Cu, but not for Sc in aluminum. On the other hand, the rare-earth elements La, Ce and Sm decreased to one-hundredth of the initial content in the starting material by only one zone passing.
In order to investigate the change in the distribution of Cu, La and Dy, ZR-Al in which the zone passed once, five and ten times were irradiated in E-2 facility for 5 hr, and the results are seen in Fig. 1(a), (b) and (c). Zone refining is effective for these elements, especially for La and Dy. The effectiveness of zone refining for the rare-earth elements is Table 3 Analytical results of impurities in the starting material (99.999 %Al) and the zone-refined aluminum in which zone passed once, five and ten times, respectively. The irradiation was performed in the graphite thermal column. Fig. 1(a) The distribution of Cu in ZR-Al in which zone passed once, five and ten times. also seen in Table 2 , i.e., the contents of La, Sm and Dy in ZR-Al are much less than that in 99.999 %Al. The distribution of Na and Mn in ZR-Al in which the zone passed ten times were examined using the DC-facility. The irradiation times were 30 and 5 hr for Na and Mn, respectively, and the cooling times were 30 min in both cases. The results are shown in Figs. 2  and 3 . The initial content of Na in the starting material was 0.07 wt ppm, and it decreased to about one-tenth of the initial value over the rod from the top to the tail as seen in Fig. 2 . Fig. 2 The distribution of Na in ZR-Al in which zone passed ten times. shown in Fig. 6 . It is shown that the rareearth elements Nd, Gd, Tm, Yb and Lu are contained in the part in addition to the elements mentioned above. These elements were detected only at the tail end of ZR-Al. This fact proves that they have a considerable efficiency for the zone refining of aluminum, leading to the conclusion that particularly for the rareearth elements the high efficiency of zone refining can be achieved.
In a similar way the top end of ZR-Al, in which zone passed twenty times, was analysed.
In this case the y-ray spectrum was measured at one month after the irradiation, and the result is shown in Fig. 7 . It shows that the top part of ZR-Al contained Hf, Ta and W. These elements were not detected after ten zone passes, so it seems that they transport very slowly by repeating the zone passing.
Furthermore, the distribution coefficients of
Hf, Ta and W are larger than unity.
Impurities in Al2O3 powder, graphite boat and quartz tube
Since the contamination of the aluminum Table 4 Analytical results of impurities in the graphite boat, alumina powder and the quartz tube used in the zone refining.
rod during the zone refining is a very important subject, the impurities which are contained in the graphite boat, alumina powder and quartz tube were analyzed, too. These samples were irradiated in the E-2-and TC-facilities for 5 hr and 77 hr, respectively. The results are shown in Table 4 . Among the elements detected, Na, Mn, Cu and Au were also detected in ZR-Al. However, in comparison with the change of the distribution with the progress of zone refining as shown in Fig. 1(a) , or with the analysis of starting material as shown in Table 2 , it is concluded that the elements except Mn do not diffuse into the aluminum rod during the zone refining.
Analysis of Si
Analysis of Si was performed by an emission spectral analysis, and the result for ZR-Al in which zone passed five times is shown in Fig. 8 . The content of Si was about 1 wt ppm on the at the tail end. On the other hand, the initial content of Si in the starting material is about I wt ppm, and the distribution coefficient of Si in aluminum was reported to be 0.093 (5) . Therefore, the results described above mean that Si atoms diffuse into the aluminum rod during the zone refining similarly as Mn. It seems that Si comes from the quartz tube of the zone refining apparatus. 
Estimation of residual resistivity
The impurity content remaining in the ZR- Table 5 Analytical results of impurities remaining in the zone-refined aluminum in which zone passed ten times, and the residual resistivity estimated from the analytical results and the specific electrical resistiviAl in which zone passed ten times is shown in Table 5 . The data in the table include the analytical results obtained by mass spectroscopy at Sumitomo Chemical Co., Ltd. The contribution to the residual electrical resistivity due to each element was estimated only for the elements whose specific electrical resistivities per at % content have been reported elsemeasured value reported in the previous paper (3) . Furthermore, Table 5 shows that most of the residual resistivity comes from the contribution of Si and Sc remaining in the zone-refined aluminum.
IV. Conclusions
Important conclusions obtained from the present work are summarized as follows:
(1) The trace elements in the ZR-Al are Li, B, Na, Mg, Si, Ca, Sc, Mn, Fe, Cu, Zn, Sb, La, Ce, Sm, Dy and Au.
(2) The principal impurities contributed to the residual resistivity are Si and Sc.
(3) Rare-earth elements La, Ce, Nd, Sm, Gd, Tb, Dy, Tm, Yb and Lu in aluminum are the elements most effectively removed by the zone refining.
(4) Sc in aluminum is not effectively removed by the zone refining, and the distribution coefficient seems to be almost unity.
(5) Hf, Ta and W in aluminum are transported to the top end by the zone refining, so their distribution coefficients are larger than unity.
(6) Si and Mn diffuse into the aluminum rod from the outside during the zone refining in the present method.
(7) The scraping of the surface layer of the sample by a sandpaper after the irradiation is the most effective decontamination method for such a microanalysis as the present activation analysis.
